Energy balance and serum progesterone concentrations were monitored during early lactation in a group of high producing Holstein cows. The postpartum interval to normal ovulation averaged 36 + 6 days (range 6 to 83 days). Average energy balance during the first 20 days of lactation (cumulative daily calculated energy balance divided by days in milk) was inversely related to days to normal ovulation (r = -.60) and to milk production (r = -.80). Milk yield during this period was not closely related to days.to ovulation (r = .30). Milk yield was also not significantly related to serum prolactin concentrations over the first 12 weeks of lactation (r = .27). During early lactation, energy balance was maximally negative until peak milk yield and then began returning toward zero, with the magnitude and duration of negative energy balance being quite variable. On the average, ovulation and the initiation of the first normal luteal phase occurred approximately 10 days after energy balance began returning toward zero. During this 10-day interval, a transient elevation in serum progesterone concentrations occurred in eight of 13 cows. These results suggest that energy balance during the first 20 days of lactation is important in determining the onset of ovarian activity following parturitign.
Summary
Energy balance and serum progesterone concentrations were monitored during early lactation in a group of high producing Holstein cows. The postpartum interval to normal ovulation averaged 36 + 6 days (range 6 to 83 days). Average energy balance during the first 20 days of lactation (cumulative daily calculated energy balance divided by days in milk) was inversely related to days to normal ovulation (r = -.60) and to milk production (r = -.80). Milk yield during this period was not closely related to days.to ovulation (r = .30). Milk yield was also not significantly related to serum prolactin concentrations over the first 12 weeks of lactation (r = .27). During early lactation, energy balance was maximally negative until peak milk yield and then began returning toward zero, with the magnitude and duration of negative energy balance being quite variable. On the average, ovulation and the initiation of the first normal luteal phase occurred approximately 10 days after energy balance began returning toward zero. During this 10-day interval, a transient elevation in serum progesterone concentrations occurred in eight of 13 cows. These results suggest that energy balance during the first 20 days of lactation is important in determining the onset of ovarian activity following parturitign. (Key Words: Energy Balance, Ovulation, Lactation.)
Introduction
The interval from parturition to first ovulation in dairy cattle is related to the level of milk Production (Marion and Gier, 1968; Stevenson and Britt, 1979) and is longer in cows with a higher genetic potential for milk yield (Whitmore et al., 1974) . Because high producing cows cannot maintain a positive energy balance during the early lactation and must mobilize body reserves (Coppock et al., 1974) , it is not surprising that postpartum ovarian activity was more closely associated with milk production than with total digestible nutrient intake (Whitmore et al., 1974) . Thus, it seems logical that the interval to first ovulation is related to energy balance. The nature of this relationship has not been established and is the subject of the present study.
Experimental Procedure
The 13 Holstein cows used in this study calved in September, were in their second (n = 9), third (n = 3) or fifth (n = 1) lactation and were randomly selected from across diet groups from a larger nutrition trial on protein utilization. The housing, management and diet have been described previously (Kwan et al., 1977) . Briefly, milk yield was recorded at each milking. All cows were fed a control diet (16.6% crude protein, CP) for 4 weeks postpartum and were then assigned to groups and fed diets containing 11.7 to 16.6% CP. Diets consisted of commercially prepared concentrates mixed with corn silage and chopped alfalfa hay (IFN 1-00-059). The ratio of concentrate to forage was the same for all diets: 60% concentrate, 20% corn silage and 20% alfalfa hay on a dry basis. Forage dry matter was determined twice weekly, and, if necessary, adjustments were made to maintain the desired ratio of forages to concentrates. Feed offered and orts were recorded daily, while feed samples were collected twice weekly for laboratory analysis of dry matter, N and fiber. Kwan et al. (1977) .
Blood was collected 1 hr before the noon milking on alternate days for 12 weeks after parturition; samples were taken from the coccygeal vein or artery or from the mammary vein. The blood was allowed to clot at room temperature and then refrigerated overnight before centrifugation. Serum samples were stored at -20 C prior to radioimmunoassay for progesterone (Gengenbach et al., 1978) , prolactin (Fox et al., 1981) and luteinizing hormone (LH; Niswender et al., 1969) . The performance of these assays was monitored by the calculation of coefficients of variation (CV) for three volumes of pooled serum samples in each assay. The within-and between-assay CV were 6 and 8% (n = 4), respectively, for prolactin; 7 and 10% (n = 7) for progesterone, and 5 and 8% (n = 2) for LH. With a sample volume of 100 /~1, the lower limits of sensitivity (g90% relative binding) of the prolactin and progesterone radioimmunoassays were 2 ng/ml (NIH-P-B4) and .3 ng/ml, respectively. LH concentrations were measured in 200-/al serum aliquots with a lower limit of sensitivity of .25 ng/ml for the standard (NIH-LH-B9).
All animals were given a routine health examination 3 to 4 weeks postpartum which included palpation of the reproductive tract. Only normal healthy cows without postpartum complications were included in the study. Normal ovulation was assumed to have occurred if serum progesterone concentrations increased above .5 ng/ml for more than 10 days and exceeded 2.0 ng/ml in at least two successive samples (collected on alternate days) during this period. The day of ovulation was assumed to be 3 to 4 days before an increase in serum progesterone to />1 ng/ml (Stevenson and Britt, 1980) . Increases in serum progesterone concentrations not meeting these arbitrary criteria were presumed to represent luteinization of an ovarian structure and not necessarily ovulation. Estrous behavior was aAll cows received the same complete diet (16.6% crude protein) for 4 weeks postpartum. Beginning in week 5, crude protein in the diets was adjusted to: (1) 11.7%; (2) 13.9%; (3) 16.6% and (4) 16.6%. noted in association with the first ovulation in seven (54%) of the cows.
Data were summarized weekly for individual cow feed intake, feed dry matter, body weight, milk weight and milk composition. Daily means for digestible and net energy for lactation were computed for each cow. Calculated energy balance for each day of lactation was computed as net energy for lactation (NE,) consumed minus NE~ required. The actual energy value for feeds was taken from the digestion trials. The NE, requirements were computed on the basis of NRC (1978) guidelines in which NE~ for maintenance is calculated as metabolic body size (MBS = BW "Ts) X .080. The maintenance requirement was increased by 20 and 10% for cows in lactations 1 and 2. The NE~ lactation requirement was computed as 15.0 x milk fat + .4 x milk weight x .74 (NRC, 1978) . Data on daily milk yield and energy balance were subjected to least-squares linear regression analysis, with number of days postpartum to ovulation as the dependent variable. Average energy balance for each day of lactation was calculated as cumulative daily calculated energy balance divided by days in milk.
Results
The interval from parturition to normal ovulation averaged 36 + 6 days (range of 6 to 83 days) and seemed unrelated to dietary protein (table 1) . For cows used in the present study, milk yield within dietary groups was similar (table 1). The relationships between milk production, energy balance and serum progesterone and LH concentrations near the time of first ovulation are summarized in table 2. In eight of 13 cows, normal ovulation was preceded by a transient elevation in serum progesterone concentration. The variation in magnitude (.7 to 1.9 ng/ml) and duration (4 to 11 days) of these transient elevations was such that average serum progesterone concentrations for the group were not significantly increased before ovulation. Following ovulation, a characteristic luteal phase progesterone pattern was observed. Serum LH concentrations were similar before and after ovulation. During the first few weeks of lactation, energy balance became negative in all of the cows as milk production rapidly increased, but magnitude of negative energy balance (maximum of-32 Meal/day) and duration (range 4 to 14 weeks) were quite variable 9 Peak milk yields in individual cows occurred between weeks 4 and 7 of lactation. On the average, first ovulation occurred approximately 10 days after maximal negative energy balance and during peak lactation. At ovulation, energy balance was still negative, but was returning toward zero (table  2) . Regression analysis did not show a significant relationship between number of days to ovulation and calculated energy balance at ovulation (r = -.07) or during the preceding week (r = .25). However, further analyses revealed a significant negative correlation between average energy balance and number of days to ovulation (table 3) . By 20 days in milk, the correlation (r = -.60) was significant; the data are shown graphically in figure 1. As the energy deficit incurred during the period increased, the interval to first ovulation became longer. Average milk yield for the first 20 days was highly correlated to average energy balance (r = -.80), as shown in figure 2, but was not closely related to the postpartum interval to ovulation (r = .30). As lactation progressed, milk yield became more highly correlated to days to ovulation, with the correlation highest at 60 days of lactation (table 3). This was after peak milk yield and first ovulation in most animals.
The overall relationship between milk yield and calculated energy balance during early lactation is shown in figure 3 . Energy balance remained highly negative until peak lactation, after which it moved progressively toward zero as milk production declined. Average milk production for the 305-day lactation in these animals was 7,334 + 315 kilograms. Overall, serum prolactin concentrations were not closely related to milk yield. Although mean serum prolactin concentrations (figure 3) showed a pattern similar to that observed for average milk yield, the correlation between prolactin concentrations and milk yield for individual sampling days was low (r = .27), and even lower during the week of peak lactation (r = .13).
Discussion
The interval from parturition to first normal ovulation in a group of high producing dairy cows was inversely related to average energy balance during the first 20 days of lactation: the greater the average energy deficit incurred, the longer the delay to ovulation. Since energy balance is a function of nutrient intake versus requirements (milk production plus maintenance), the present data are consistent with reported detrimental effects of undernutrition Folman et al., 1973) and low blood glucose concentrations (Patil and Deshpande, 1979) on postpartum ovarian activity. Milk production was reported to be directly related to days to first ovulation Relationship between average energy balance and average milk production during the first 20 days of lactation in dairy cows. (Jordan and Swanson, 1979; Stevenson and Britt, 1979 ) and appears to be more closely correlated to that interval than is energy (TDN) intake (Whitmore et al., 1974) . The closer relationship with milk yield apparently results from the fact that, although milk yield and energy balance are highly correlated during early lactation, individual cows meet the energy demands through different combinations of changes in feed intake and mobilization of body reserves. Body weight changes per se are not highly correlated to postpartum ovarian function Folman et al., 1973; Patil and Deshpande, 1979; Stevenson and Britt, 1979) , nor to energy balance in the early postpartum cow (Flatt, 1966) . In the present study, differences in dietary protein after the first month of lactation did not appear to influence the interval to ovulation. One-half of the animals had ovulated before dietary adjustments.
In addition to average energy balance, relative changes in energy balance may also be related to the timing of ovulation. On the average, ovulation occurred within 10 days after negative energy balance was maximal and had begun returning toward zero. Most cows ovulated while still in negative energy balance, but energy balance values varied among animals and were not significantly correlated to the interval to ovulation. Coincident with the beginning of recovery from negative energy balance was a transient elevation in serum progesterone concentrations. Similar elevations in progesterone before first ovulation have also been observed in lactating beef cows (Donaldson et al., 1970; Prybil and Butler, 1978; Williams and Ray, 1980) . In lactating dairy cows, such transient increases in plasma progesterone are reportedly preceded by small LH surges (Lamming, 1978; Schams et al., 1978) and are associated with the initiation of postpartum ovarian activity (Dobson, 1978) . Lamming (1978) suggested "the mechanism responsible for initiating the first LH surge which precedes the first progesterone secretion is still not clear and seems to hold the key to early ovarian activity in the lactating cow." Early follicular development and estrogen production are important predictors of first ovulation in cows (Stevenson and Britt, 1980) and may occur in response to activation of the hypothalamo-hypophyseal axis controlling tonic LH secretion. Small, episodic releases of LH begin 1 to 2 weeks postpartum, but a positive association of this pulsatile LH pattern with the onset of ovarian activity has not been established unequivocally (Lamming, 1978; Stevenson and Britt, 1979) . The present results suggest that energy balance may also be important in determining the timing of the events leading to first normal ovulation. Although the most likely mechanism for such an effect would seem to involve regulation of LH secretion, a direct casual relationship cannot be established from the present study, in which blood samples were taken fairly infrequently (Lamming, 1978; Schams et al., 1978; Steven- son and Britt, 1979) , and further study is needed.
The correlation between serum prolactin before milking and milk yield over the course of lactation has been found to be very low (Koprowski and Tucker, 1973) . In the present study, samples were collected more frequently during early lactation, but a similar low correlation was observed.
Fertility in the lactating dairy cow, as measured by number of days to first insemination and conception rate, is inversely related to milk production (Spalding et al., 1975) . Inasmuch as an increase in the number of estrous cycles before 60 days postpartum is related to decreased services per conception during the breeding period after 60 days (Thatcher and Wilcox, 1973) , maintenance of high herd milk production without a corresponding reduction in reproductive performance would be facilitated by a short postpartum interval to ovulation. The present results indicate that negative energy balance, which reflects the metabolic demands of lactation, may be very important in determining the length of this interval. It is well accepted that milking or the suckling stimulus also inhibits ovulation (Casida, 1971; England et al., 1973; Radford et al., 1978; Carruthers and Hafs, 1980) . It has been proposed that these various inhibitory effects on ovarian activity may be mediated via alterations in LH secretion (Radford et al., 1978; Carruthers and Hafs, 1980; Stevenson and Britt, 1980) , but it is not clear whether the mechanisms involved affect the tonic or surge modes of LH secretion, or both.
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